Benchmark stars with known angular diameters are key to calibrating interferometric observations. With the advent of optical interferometry, there is a need for suitably bright, well-vetted calibrator stars over a large portion of the sky. We present a catalog of uniformly computed angular diameters for 1523 stars in the northern hemisphere brighter than V = 6 and with declinations −15
INTRODUCTION
Optical and infrared interferometry is a powerful tool for directly measuring stellar radii, constraining binary and multiple star orbits, and observing stellar surface features such as rapid rotation or star spots in the milli-arcsecond spatial resolution regime, which is inaccessible by many other observing techniques. In the northern hemisphere there are two operational six-telescope interferometers, the Navy Precision Optical Interferometer (NPOI, Armstrong et al. 1998 ) and the Center for High Angular Resolution Astronomy (CHARA, ten Brummelaar et al. 2005) . Each has its own assemblage of different beam combiners, such as the Visible Imaging System for Interferometric Observations (VISION, Ghasempour et al. 2012; Garcia et al. 2016 ) and NPOI classic (Armstrong et al. 1998) , at NPOI, and the Michigan Infrared Combiner (MIRC Monnier et al. 2004) , the Precision Astronomical VIsible Observations (PAVO, Ireland et al. 2008) , the Visible spEctroGraph and polArimeter (VEGA, Mourard et al. 2009) , and the CLassic Interferometry with Multiple Baselines (CLIMB, ten Brummelaar et al. 2013 ) for the CHARA array.
All of these beam combiners measure the basic optical/IR interferometric observables: the squared visibility and/or the closure phase and triple amplitude. To do this, these optical/IR beam combiners require that the instrument's response to a point-source during an observation is well known (van Belle & van Belle 2005) . Typically, these calibrator stars (with known angular diameters) are interleaved with target stars throughout the observation. Without observing a calibrator star with a known angular diameter during a sequence of observations of a target star, the squared visibility cannot be calibrated accurately. Additionally, ensuring a calibrator is not in a resolved binary helps guarantee the calibrator closure phases are zero. Thus, using calibrator stars with accurate angular diameters, which are also vetted for known binary systems, lies at the heart of accurate optical/IR interferometry.
However, often angular diameters for calibrators are obtained in an ad-hoc basis, using a myriad of SED fitting routines or by restricting observations of target stars to ones that have nearby (typically < 15. 0), bright (V < 6) calibrator stars with interferometrically measured angular diameters. In this work, we take a uniform approach to develop a set of carefully measured angular diameters for 1523 stars brighter than V = 6 in the northern hemisphere, vetted for known binary and multiple stellar systems.
In § 2 we provide some brief background for why calibrator stars are vital to doing science using optical interferometry. In § 3 we describe the methods used to pick the ideal sample of calibrators and the process used to construct our final catalog. We utilize spectral energy distribution (SED) fitting to compute the bolometric flux of each star in our list. We require a low reduced χ 2 in order to keep only stars with high quality photometry that covers the entire SED (0.2-10 µm) and which are well-fit by our spectral templates. Results from our SED fits are presented in § 4. In § 5 we compare our derived angular diameters against those measured directly by interferometers and to diameter estimates from previous calibrator catalogs. We provide this list of calibrator stars, together with an online atlas of the SED fits, to the greater interferometry community. Finally, we provide a brief summary of our calibrator sample in § 6.
IMPORTANCE OF CALIBRATORS WITH KNOWN ANGULAR DIAMETERS FOR INTERFEROMETRY
As a source increases in apparent size, it becomes more resolved by a fixed interferometric baseline and the squared visibility amplitude decreases. Ideally, the visibility squared of a point source will always be unity. Due to instrumental visibility losses however, the visibility squared measured by a beam combiner for a point source is less than unity. combiner's system visibility is:
where V 2 obs,cal is the observed visibility squared of the calibrator star, and V 2 true,cal is the intrinsic visibility. If a calibrator star is a point source, then V 2 true,cal = 1 and V 2 system = V 2 obs,cal . For typical observing sequences in optical and IR interferometry, observations of calibrator stars are interleaved with observations of the target star throughout the night to characterize V 2 system (t) over time. Therefore, the intrinsic visibility of the target star measured relative to the system visibility is:
where V 2 obs,target is the observed visibility of the target star. Thus, it is crucial to estimate V 2 system (t) at any given time. Many calibrator stars however have the potential to be slightly resolved by the longest, most scientifically interesting baselines of the interferometer, so V 2 true,cal = 1 for these baselines. We must compute V true,cal for the calibrator star given its true angular diameter, θ cal . However, θ cal often is not directly measured by an interferometer given that most calibrator stars are chosen because they are too small to be fully resolved by the longest baselines. Fortunately we can estimate θ cal from the star's reddening corrected bolometric flux and effective temperature:
where σ is the Stefan-Boltzmann constant, and F bol has units of erg cm −2 s −1 .
3. METHODS AND DATA 3.1. SED Fitting In order to obtain accurate stellar angular sizes, each star was fit with a model spectral energy distribution using the fitting routine sedFit, written by A. Boden (van Belle & von Braun 2009; van Belle et al. 2016) . sedFit uses an effective temperature T eff on input, which is mapped to a corresponding Pickles (Pickles 1998) spectral template. sedFit then fits the spectral template using the photometry of a given star, to compute the bolometric flux, F bol , and reddening, A V .
Target Selection and Catalog Construction
We compiled a list of positions, spectral types and visual magnitudes for ∼ 3000 bright (V mag < 6) stars in the northern hemisphere with declinations −15
• < δ < 82
• using the SIM-BAD database 1 (Wenger et al. 2000) . We chose a brightness limit (V mag < 6) given that most visible light interferometers can obtain scientifically useful data on bright stars. We also removed any stars which appear in the JMMC bad calibrator list.
Removal of Binaries
We purged our list of all known binary and multiple stellar systems. The visibility varies as a function of baseline with the orbital separation and flux ratio for binary systems. Hence, these systems are not suitable as calibrators. We crossreferenced our list of calibrator stars with multiple binary star catalogs to be thorough. We conservatively remove all stars in our list that have an orbit listed in the 9th Catalogue of Spectroscopic Binary orbits (Pourbaix et al. 2004) . We also removed all stars that were listed as binaries in the Washington Double Star Catalog (WDS, (Mason et al. 2001) ) with separations 2. 0 and with flux ratios of 3 mag. We also performed a search for any interferometric binaries present in the literature that could be discarded from our list of calibrators. Finally, we removed any objects that were flagged as binaries with 2. 0 separation and with flux ratios of 3 mag from Hipparcos (van Leeuwen 2007) or the stellar multiplicity catalog of bright stars (Eggleton & Tokovinin 2008) . It is possible that a few unknown binary or multiple star systems that are only detectable via interferometry (not via radial velocity) may remain in our calibrator sample. These objects will be removed from our sample as they are observed by visible-light interferometers, such as VISION (Garcia et al. 2016 ).
Spectral Types
Given that the star's assumed effective temperature is important to estimating an accurate angular diameter, we obtained spectral types for each star from the Skiff Catalogue of Stellar Spectral Classifications 2 (Skiff 2009). This catalogue allowed us to determine an accurate spectral type for each star by presenting us with a history of spectral classifications for each object throughout the literature. Occasionally, some (∼ 10%) of the stars in our list did not have spectral types in the Skiff catalog. For these cases, we used the SIMBAD spectral type. For our SED fitting with sedFit, we used a Pickles (Pickles 1998 ) spectral template for each star that was closest to the spectral type and luminosity class obtained from the Skiff catalog or SIMBAD. Pickles spectral template files did not exist for every stellar spectral type. We created these missing templates by averaging two existing, closely related source templates. For example, to create a missing template of spectral type K3V, we averaged the K2V and K4V Pickles spectral templates. We also averaged the assumed effective temperatures of the source templates to estimate the effective temperature of the missing template, with the temperature errors propagating in quadrature.
Uncertainty in Spectral Types and Luminosity Classes for Catalog Stars
Many of our bright stars are Morgan Keenan spectral standards. For these stars, we assumed no uncertainty in the spectral type. Many stars in our list had spectral types and luminosity classes from the Skiff catalog that are inconsistent across the literature. For each of these stars, we used sedFit with a grid of spectral types and luminosity classes. The size of the grid corresponded to the range of spectral classifications presented across the literature. The resulting fluxes, as well as the angular diameters, presented in Table 3 are the values from the SED fit that yielded a reduced χ 2 value closest to 1.0. As an additional check, we tested sedFit using Pickles spectral templates with luminosity class I or II, II or III, III or IV, and IV or V. We note that the spectral template used made a significant difference in the estimates of the angular diameters of the giant, bright giant, and supergiant stars (luminosity classes III, II, I, Table 1 ). The angular diameter estimates for the subgiants and main sequence stars (luminosity classes IV, V) did not change significantly (Table 1 ) upon using spectral templates with different luminosity class. The spectral types listed in Table 3 represent the model templates that resulted in the highest quality fit.
3.3. Literature Photometry Quality Control Both broadband and narrowband photometry was obtained for each star by querying both the SIMBAD (Wenger et al. 2000) and General Catalog of Photometric Data (GCPD, (Mermilliod et al. 1997)) online databases. The photometry for a given star can span 0.2 − 10 µm, and contain multiple photometric systems, such as Johnson (Johnson & Morgan 1953) , Strömgren (Strömgren 1956 ), Villinius (North 1980) , DDO (McClure 1976) , Geneva (Golay 1972) , 13 color (Johnson & Mitchell 1975) , and 2MASS (Skrutskie et al. 2006 ) and IRAS (Beichman et al. 1988 ) for near to far infrared bands.
For a small percentage of stars, photometric bandpasses had a significant amount of redundancy, due to multiple photometric catalogs including the same bandpass. These duplicated photometry measurements caused sedFit to improperly weight bandpasses during the fitting procedure. We removed these duplicate photometric measurements for all stars in our list.
Furthermore, some stars had poor quality photometric measurements that were far outliers to the SED of the star. These outliers often biased the fitting procedure, yielding inaccurate angular diameters and poor quality (i.e. high reduced χ 2 values) fits to the SED. We removed these poor quality photometry using two criteria. First we removed outliers with photometric magnitudes that were < 0.0 or > 10.0. Second, we removed photometric measurements obtained from different catalogs in the same bandpass that varied by more than 1.2σ.
Although this method of cleaning the photometry yielded (a) Angular Diameters (b) Angular Diameter Errors (1σ) Figure 1 . Distributions of angular diameters and 1σ errors obtained using sedFit, within our sample of 1523 stars. All of our calibrator stars have fitted angular diameters < 2.5 mas, given that larger (> 2.5 mas) stars are usually resolved by visible-light interferometers. The median error on our fitted angular diameters is 6.789%.
(a) Spectral Types (b) Luminosity Classes Figure 2 . Distributions of spectral types and luminosity classes for our calibrator stars (see §3.2.2) Figure 3 . Reduced chi square χ 2 red for the SED fits to literature photometry for each calibrator star in our sample. much better fits to most of the stellar SEDs, there were still many fits with large reduced χ 2 values due to problematic photometry. Therefore, we developed an objective criterion based on reduced χ 2 (χ 2 ν ) as follows. Using the set of 75 interferometric comparison stars from prior literature (see Section 5), we found that the residuals between our estimated angular diameters and the interferometric values roughly follows the relation ∆θ/θ lit ∼ 0.04 + 0.009 × χ 2 ν , where θ lit is the interferometrically measured angular diameter from the literature. Therefore, we opted to define an empirical threshold such that we retained only stars with χ 2 ν ≤ 7.0. This corresponds to an expected fractional error on θ of at most ∼10%, and represents only a mild extrapolation from the range of χ 2 ν spanned by the 75 comparison stars (the worst outlier among the comparison set has χ 2 ν = 5.0).
RESULTS
We present a list of 1523 interferometric calibrator stars culled from all stars V < 6 in the northern hemisphere (see §3.2). Angular diameters were estimated from the SED fitting routine sedFit (see §3.1). The median angular diameter θ SED of stars in our calibrator list is 0.527 mas, while the median reduced χ 2 median,red value for all our fits is 1.42 . We present the source bolometric flux, F bol , used for all fits as well as reddening, A v . A brief summary of our catalog can be found in Table 2 . The full table is presented in Table 3 . The distributions of angular diameters and their errors, spectral types and luminosity classes, best-fit metrics, distances, and reddening values within our sample are displayed in Figure  1 through Figure 4 respectively. Two example SED fits for G8III giant HD12339 and F9V main sequence star HD4614 are shown in Figure 5 . See Appendix for fits to the SEDs for all stars in our catalog.
Assessing Quality of the Fits
From our initial large number (2191) of bright stars vetted for binaries for which we derived angular diameters, many had poor fits due to poor-quality photometry even after we removed much of the photometric outliers from each wellcharacterized SED (see §3.3). To further improve the reliability of our calibrator star angular diameters, we first remove any stars from our calibrator catalog (Table 3 ) that had either of the following criteria:
• Stars with θ SED > 2.5 mas are excluded because they are resolved by most visible-light interferometers.
• Stars with < 4 photometry data points are excluded because the SEDs were poorly constrained.
These cuts removed 307 stars from our sample. Next, as described above, we removed any stars with reduced χ 2 value greater than 7.0. All of the remaining stars have low reduced χ 2 values and have been assessed to be well-fit (see Appendix for the SED fits). These checks removed an additional 361 stars, to arrive at our sample of 1523 total stars.
Check on Accuracy of Derived Reddening A v
Given that the majority (92%) of our stars are within 300 pc as shown in Figure 4a , we expect the median reddening of our Figure 6 . Example SED fits to two OB stars in the CEP-OB3 association with directly measured extinction curves by Massa & Savage (1984) . Our best-fit reddening of Av = 2.65 mag for O7V star HD216532 and Av = 3.30 mag for O9V star HD216658 using sedFit are in good agreement with Massa & Savage (1984) directly-observed reddening of Av = 2.66 and Av = 3.03, respectively.
Table 4
We Validate our SED-Fitting Methods by Deriving the Reddening Av using sedFit for 21 OB Stars in the Cep OB3 Cloud. Note:Our derived Av for each star (column 3) agree well with the directly observed Av (last column) for these stars using the IUE satellite (See Table 2 , 4th column, Massa & Savage 1984). sample to be A v < 0.3. Figure 4b shows the reddening of our sample, with a median reddening of A v,med = 0.13, in good agreement with expectations. As a check on the accuracy of derived reddening A v from sedFit, we use the sample of 21 OB stars in the Cep OB3 association with directly observed UV extinction curves from the International Ultraviolet Explorer (IUE, Boggess et al. 1978) satellite observations (Massa & Conti 1981; Massa & Savage 1984) . We fit the SEDs of 21 stars from photometry derived from the literature, in the same manner as §3. Example SED fits to stars in the Cep OB3 association for HD216532 and HD216658 are shown in Figure 6 .
We perform 160 fits for each star, with the reddening parameter spanning A v = 0.0 − 4.0 in steps of 0.05. For each star, similar to the methods detailed in §3.1, we identify the best-fit model as the one with reduced χ 2 closest to 1.0 (Andrae et al. 2010) . To estimate the uncertainty on our derived reddening, we compute a 5σ confidence interval, identifying models where ∆χ corresponds to the the best-fit model, and ∆χ 2 99.73% = 11.8 corresponds to models that fall within the 5σ confidence interval (see section 15.6, Press et al. 2002) .
As shown in Table 4 and Figure 7 , we find our fitted A v for 21 stars in good agreement with the directly observed A v for each star from Massa & Savage (1984) (c.f. 4th column, Table 2), with a mean offset in the reddening of −0.13 ± 0.17 mag,demonstrating good agreement. This small systematic offset in reddening should not significantly affect Figure 7 . We validate our SED-fitting method by comparing the reddening Av using sedFit for 21 OB stars in the Cep OB3 cloud (Y-axis) to the directly observed Av for these stars using the IUE satellite (See Table 2 , 4th column, Massa & Savage 1984) . We find a statistically insignificant average offset of −0.13 ± 0.17 mag. the accuracy of the derived angular diameters of our calibrator stars, as we now show.
DISCUSSION: COMPARISON TO PREVIOUS CATALOGS
Several authors have previously presented catalogs of interferometric calibrators, including e.g., Bordé et al. (2002) , Mérand et al. (2005) , Bonneau et al. (2006 ), van Belle et al. (2008 , and Richichi et al. (2009) . These catalogs were optimized for infrared interferometry, as appropriate for infrared beam combiners on the Very Large Telescope Interferometer and the CHARA array. Our catalog builds on these previous works, and extends them by optimizing a calibrator sample for the optical, as is needed by next-generation interferometers such as VISION at NPOI (e.g., Garcia et al. 2016) . Furthermore, of the 1523 stars in our sample, there are only 97 stars in common with the Mérand et al. (2005) catalog, while only 79 overlap with Bordé et al. (2002) , showing we have greatly expanded the potential calibrator pool. In Figure 8 we compare our angular diameter estimates to those of Mérand et al. (2005) and Bordé et al. (2002) , finding them in good agreement with no statistically significant systematic offset. These works focused on larger potential calibrator stars that were optimal for 200-m class (and smaller) interferometers working in IR bands, while the vast majority of our catalog contains stars smaller than 1.0 milliarcsecond (Figure 1 Figure 9 . Comparison of estimated angular diameters from sedFit and those measured interferometrically from the literature (see Table 5 ). Each cross is the angular diameter for a calibrator star estimated with sedFit and its corresponding directly measured limb darkened disk angular diameter from the literature. the longest (> 300-m) baselines on next-generation optical interferometers.
For our purposes here, we can also utilize previous interferometric observations as a check on the accuracy of our limb-darkened angular diameter estimates, θ LD . Specifically, we compare 75 stars from our list to their interferometrically measured diameters from the literature Baines et al. 2009 Baines et al. , 2010 Ligi et al. 2012; Boyajian et al. 2012a Boyajian et al. ,b, 2013 Maestro et al. 2013; Challouf et al. 2014; von Braun et al. 2014) in Table 5 and Figure 9 . Our angular diameter estimates are in excellent agreement with those measured interferometrically, with a mean offset of 0.057 ± 0.054 mas. There is no systematic offset between our estimated calibrator star angular diameters from sedFit and their corresponding measured angular diameters from the literature.
SUMMARY
Of the ∼ 3000 stars in the northern hemisphere brighter than V< 6 and with declinations −15
• < δ < 82 • , we have compiled a list of 1523 stars well suited as interferometric calibrators, with uniformly estimated angular diameters and bolometric fluxes from SED fitting. Each star was fit with a model SED, including a reddening correction, to literature photometry spanning 0.2 − 10 µm, using a spectral template on input, corresponding to a specific spectral type. We purged this list of known binary and multiple stellar systems, stars with poor-quality or sparse photometry, and stars where the spectral template fit resulted in a poor reduced χ 2 . For a subset of the stars in our sample, our derived angular diameters show excellent agreement with directly measured angular diameters from the literature, and with diameter estimates appearing in previous calibrator catalogs. In addition, our derived reddening for OB stars in the Cep OB3 association show excellent agreement with directly measured reddening for those stars from the literature.
With the next generation of interferometers that operate at visible wavelengths now operating and more coming online, this catalog should serve as a broadly useful resource for years to come.
